Chromosome segregation requires assembly of kinetochores on centromeric chromatin to mediate interactions with spindle microtubules and control cell-cycle progression. To elucidate the protein architecture of human kinetochores, we developed a twocolor fluorescence light microscopy method that measures average label separation, Delta, at <5 nm accuracy. Delta analysis of 16 proteins representing core structural complexes spanning the centromeric chromatin-microtubule interface, when correlated with mechanical states of spindle-attached kinetochores, provided a nanometer-scale map of protein position and mechanical properties of protein linkages. Treatment with taxol, which suppresses microtubule dynamics and activates the spindle checkpoint, revealed a specific switch in kinetochore architecture. Cumulatively, Delta analysis revealed that compliant linkages are restricted to the proximity of chromatin, suggested a model for how the KMN (KNL1/Mis12 complex/Ndc80 complex) network provides microtubule attachment and generates pulling forces from depolymerization, and identified an intrakinetochore molecular switch that may function in controlling checkpoint activity.
INTRODUCTION
Kinetochores are protein assemblies at the periphery of centromeric chromatin that are required for segregating chromosomes in all eukaryotes (Maiato et al., 2004) . Robust spindle microtubule (MT) plus-end attachment is ''end-on,'' and MTs bound to kinetochores are known as kinetochore microtubules (kMTs; Rieder, 1982) . The number of MTs bound per kinetochore can be as few as one for budding yeast and up to 20 in humans (Rieder, 1982; Maiato et al., 2004) . By electron microscopy (EM), human kinetochores show a multilayered disk structure (Maiato et al., 2004; Dong et al., 2007) . The periphery of centromeric chromatin has higher density and is called the inner plate, followed by a lowcontrast gap of 20-30 nm, an outer plate 40-50 nm thick, and a peripheral fibrous corona extending 100-200 nm away from the outer plate. Protofilaments at plus ends of kMTs curve inside-out by various degrees near the inner surface of the outer plate, and kMTs rarely penetrate centromeric chromatin VandenBeldt et al., 2006; Dong et al., 2007; McIntosh et al., 2008) . Multiple sites for end-on kMT attachment are formed by weak lateral interactions between individual sites at the centromere periphery (Brinkley et al., 1992; Cimini et al., 2004) . These observations suggest that protein linkages along the inner-outer kinetochore axis connect centromeric chromatin to spindle MTs.
Information about relative inside-out locations of different proteins at kinetochores has been obtained from epistasis assays in conjunction with protein-protein interaction data (Maiato et al., 2004; Foltz et al., 2006; Liu et al., 2006; Musacchio and Salmon, 2007; . The inner domain of the kinetochore is assembled from proteins constitutively present at centromeres during the cell cycle. First is CENP-A, a variant of histone H3, that replaces H3 in nucleosomes of chromatin at the base of the kinetochore (Blower et al., 2002) . Following CENP-A are 14 proteins known as the constitutive centromere-associated network (CCAN) (Foltz et al., 2006; . Unlike the constitutively localized proteins, outer kinetochore proteins are assembled at kinetochores beginning at prophase and leave kinetochores at the end of mitosis. Important are three highly conserved protein complexes (the KMN network) which assemble stably within the outer kinetochore to produce core attachment sites for kMTs DeLuca et al., 2006; McAinsh et al., 2006; Tanaka and Desai, 2008) : the Mis12 complex of four proteins (hMis12, hDsn1 Q9H410/Mis13 , hNnf1 PMF1 , and hNsl1 DC31/Mis14 ), hKnl1/Blinkin (Kiyomitsu et al., 2007; , and the four-subunit Ndc80 complex (composed of Hec1/hNdc80, Nuf2, Spc24, and Spc25). Other outer domain components transiently associate with kinetochores after entry into mitosis (Liu et al., 2006; Musacchio and Salmon, 2007) and include spindle assembly checkpoint (SAC) components, MT motor proteins, the large coiled-coil protein CENP-F, and MT-binding proteins that regulate plus-end assembly dynamics (Musacchio and Salmon, 2007) .
To achieve a high-resolution picture of kinetochore protein architecture, a method is needed that approaches the nanometer resolution of electron microscopy, but also has molecular specificity. Here we describe a fluorescence microscopy method that we developed that measures the average separation, Delta, between proteins labeled with two different fluorophores at <5 nm accuracy along the inner-outer axis of human metaphase kinetochores. Our Delta assay calculates an average value from measurements obtained from sister kinetochore pairs in order to correct for chromatic aberration locally. To show that individual sister kinetochores exhibit similar values, we employed a technique previously developed for measuring separation distances within single molecules (SHREC; Churchman et al., 2005) . We have assayed 19 epitopes in 16 proteins representing all of the distinct protein groups comprising core kinetochore structure to yield to our knowledge the first nanometer-scale map of average protein position for the human kinetochore. We were also able to obtain measurements of the stiffness of the different protein linkages, because at metaphase, sister kinetochore pairs exhibit directional instability that produces oscillations in the stretch of centromeric chromatin between sisters (Maiato et al., 2004) . Only proteins like CENP-A and CENP-C that bind DNA were found to be compliant; the other linkages were stiff during metaphase oscillations. We added taxol to metaphase cells to test whether there were any significant changes in kinetochore protein architecture when kMTs are stabilized, centromeric stretch lost, and the SAC activated (Clute and Pines, 1999; Maiato et al., 2004 ). We discovered two major changes including the selective inward movement of the Ndc80 complex and outward movement of the motor domain of the kinesin CENP-E. Finally, we employed a modified two-color colocalization assay to locate the ends of kMTs relative to the MT-binding Ndc80 complex. Cumulatively, our assays provide a novel molecular resolution view of a macromolecular machine with a central role in cell division and reveal the mechanical nature of specific protein linkages at kinetochores as well as large-scale changes in kinetochore architecture induced by suppression of MT dynamics.
RESULTS

Delta Measurements of the Ndc80 Complex at Human Metaphase Kinetochores
We initially developed the Delta assay to analyze the four-subunit Ndc80 complex, which is the major MT-binding component of the outer kinetochore. Electron microscopy and atomic structure studies indicate that the Ndc80 complex is 57 nm long and has a dumbbell shape ( Figure 1A ; Wei et al., 2007; Ciferri et al., 2008) . MT-binding activity resides in the Hec1 and Nuf2 N-terminal regions at one end of the complex Wei et al., 2007; Ciferri et al., 2008) . The 9G3 monoclonal antibody binds amino acids 200-215, roughly 2.5 nm inside the Hec1 N terminus (DeLuca et al., 2006; Ciferri et al., 2008) and localizes by immuno-EM to the kinetochore outer plate (DeLuca et al., 2005) . Globular C-terminal regions of Spc24 and Spc25 are at the opposite end of a long a-helical coiled-coil rod ( Figure 1A ). Previous work suggests that the 9G3 label is external to the Spc24 label along the inner-outer kinetochore axis (DeLuca et al., 2006) , which is consistent with binding orientation of the complex relative to MT polarity (Wilson-Kubalek et al., 2008) .
We analyzed metaphase HeLa cells where kinetochore innerouter linkages to kMTs are mostly parallel to the axis between sister kinetochores (Figures 1B and 1C) . Two-color immunofluorescence was performed using the 9G3 antibody to Hec1 and polyclonal antibodies to the C-terminal heads of Spc24 or Spc25 (see Figures S1 and S2 available online). We acquired highresolution, low-noise, 3D image stacks of cells where the metaphase spindle was parallel to the coverslip surface-ensuring that several sister kinetochore pairs were in focus together within the same set of optical sections ( Figure 1B ). The image in each color is a convolution of the label distribution within the kinetochore and the objective point spread function ( Figure 1C ; Maddox et al., 2003) . As kinetochore proteins are distributed across the width of kinetochores ( Figure 1C ), the ''Airy disk'' image is elongated into an elliptical cross-section whose major axis defines the orientation of the kinetochore face and whose centroid defines the average position of the label along the inner-outer kinetochore axis ( Figures 1C, S3 , and S4). Sister pairs in or close to the same image plane were selected for analysis. A 3D Gaussian fitting algorithm was used to obtain the four centroid coordinates needed to calculate the separation of the two color labels, Delta (Figures 1D and 1E) . This calculation scheme automatically corrected for the considerable chromatic aberration-the green label was on average shifted down and to the left of red by $30 nm, but exact shifts varied by position within the cell. Delta measurement simulations showed that staggering of attachment site linkages by up to 150 nm along the interkinetochore (K-K) axis ( Figure S3Dii ) had little effect on Delta accuracy. However, the tilt of the kinetochore face that inclines attachment linkage to the K-K axis ( Figure S3Di ) was a source of measurement error (1% in untreated cells) that was corrected to obtain the final average value of Delta (Supplemental Experimental Procedures).
The average Delta value ( Figure 1E ) measured between the 9G3 label near the Hec1 head and the Spc24/Spc25 C terminus was 45 ± 6 nm and 45 ± 4 nm, respectively (SD; n = 107 sister kinetochore pairs for each combination). We also obtained the same value after correcting for the majority of lateral chromatic aberration between the 9G3 and Spc24 images (Supplemental Experimental Procedures; Figure S5 ). To assess the efficacy of the correction scheme and the accuracy of the Delta method using antibody labeling, we labeled Hec1 with 9G3 and used equal amounts of red and green secondary antibodies. The average Delta measured in this case was 0 ± 5 nm (SD; n = 91 sister kinetochore pairs). In a second test for accuracy, cells expressing GFP-Hec1 were labeled with anti-GFP and 9G3-in this case, the average Delta was 3 ± 7 nm, a value consistent with structure ( Figure 1A ; Ciferri et al., 2008) . Average Delta values typically had 95% confidence intervals of ±1-2 nm (Table S1 ), and two averages that differed by 3 nm or more were significantly different (paired t test with p value < 0.02) because of the high signal-to-noise ratio (>$30) of the kinetochore fluorescence ( Figure S4 ) and the averaging of many (>100) individual Delta values. A major assumption of our Delta assay is that the two sister kinetochores have the same protein architecture and stiffness. We verified this assumption by direct measurements of label separation within individual kinetochores of sister pairs for the Ndc80 complex and several other proteins (Supplemental Experimental Procedures; Figure S5 ). These and other tests (Supplemental Experimental Procedures) establish the Delta assay as a technique for analyzing kinetochore architecture with an accuracy of <5 nm. The 45 nm Delta value measured for Spc24/25 and Hec1 indicates that the Ndc80 complex adopts an elongated shape along the inner-outer kinetochore axis.
Correlation of Delta Measurements to Centromere Stretch Indicates that the Ndc80 Complex Is Noncompliant Sister kinetochores of metaphase bioriented chromosomes exhibit directional instability-oscillations characterized by abrupt switches between persistent phases of poleward and antipoleward movement (Skibbens et al., 1993; Inoué and Salmon, 1995; Maiato et al., 2005) . This directional instability produces oscillations in the stretch of centromeric chromatin between sister kinetochores that are asynchronous between different chromosomes. Consequently, a fixed image of a metaphase cell has within it sister kinetochore pairs in different mechanical states ( Figure 2A ). It is straightforward to assess the mechanical state of each sister pair by measuring the K-K distance using the 9G3 label, which varies during metaphase oscillations between a minimum of $0.8 to a maximum of $2 mm in HeLa cells; the rest length in nocodazole-treated cells is $0.7 mm. Thus correlating Delta values with the interkinetochore K-K distance provides direct information on mechanical properties of specific protein linkages. The slope of the least-squares line through a plot of Delta versus K-K distance represents compliance during oscillation of a particular protein linkage at metaphase, which we refer to as ''oscillation compliance'' ( Figure 2A ).
When Delta values measured for 9G3 and Spc24 labels were plotted as a function of K-K distance, the slope was near zero, indicating that tension changes during sister kinetochore oscillations do not affect the conformation of the Ndc80 complex ( Figure 2B ). The slope was also near zero for cells labeled with 9G3 and equal amounts of red and green secondary antibody ( Figure 2C ), indicating that Delta measurements were insensitive (Table S1 ).
to K-K separation. We conclude that the Ndc80 complex is a stiff mechanical entity within kinetochores, with one end attached to the plus ends of kMTs and the other end located toward the inner kinetochore.
Human Metaphase Kinetochore Architecture from Delta Analysis of 16 Kinetochore Proteins
We next extended the analysis of position and mechanical properties to 19 epitopes in 16 proteins representing all of the distinct groups comprising core kinetochore structure (Table S1 ). For three large proteins (hKnl1, CENP-E, and CENP-F), we analyzed two different regions using independent antibodies (Table S2 ; Figure S6 ). The entire data set is summarized in Figure 3 ; the positions along the kinetochore inner-outer axis for all analyzed epitopes are plotted relative to Hec1-9G3. Positive values are outside (i.e., toward the spindle side) of the position of the 9G3 centroid, and negative values are inside (i.e., toward the centromeric chromatin). All average Delta values in this position map Table  S1 ). The data for control cells are on the left of Figure 3 , with dots indicating average values. The mechanical properties of each Delta value are summarized by vertical lines through the average dots which indicate minimum to maximum variation with K-K separation. The average position data for taxol-treated cells are on the right, and insights derived from this perturbation are discussed in the next results section. With this overview of the entire data set, we describe specific aspects of measurements for each protein complex. Constitutive Centromere-Associated Proteins CENP-A and CENP-C. The centromeric histone H3 variant CENP-A and closely associated conserved CENP-C protein are present at centromeres throughout the cell cycle and provide a foundation for kinetochore assembly. We labeled CENP-A in two ways that gave similar results-in the first, CENP-A-GFP was stably expressed in HeLa cells (Gerlich et al., 2003) and GFP was detected with antibodies ( Figure 3 ). In the second, a primary antibody to CENP-A was used. As this antibody required a different fixation condition (cold methanol) from the other epitopes, we focused on data acquired with the GFP fusion and the standard aldehyde-based fixation procedure. In control cells, the average Delta of CENP-A-GFP relative to the Hec1 head was 107 nm, and there was a pronounced upward slope of Delta with centromere stretch (Figures 2D and 3) . The average (Table S1 ).
Delta for CENP-C, which has direct DNAbinding activity (Politi et al., 2002) and lacks extended coiled coils, was 79 nm and the oscillation compliance was $40% of that exhibited by CENP-A (Figure 3) . From the entire set of proteins analyzed (Figure 3 ), these were the only two proteins that exhibited significant oscillation compliance relative to the Ndc80 complex. CENP-I and CENP-T. In addition to CENP-A and CENP-C, 13 additional CCAN proteins (CENP-H, I, and K-U) localize to centromeres throughout the cell cycle and play important roles in chromosome segregation (Foltz et al., 2006; Okada et al., 2006; Hori et al., 2008) . We analyzed CENP-I and CENP-T, two representatives of different subclasses of the CCAN (Okada et al., 2006) . In control cells, the average positions of CENP-I and CENP-T were about 17 and 14 nm inside the Spc24/Spc25 end of the Ndc80 complex, respectively (Figure 3) . In contrast to CENP-A and CENP-C, CENP-I and CENP-T did not exhibit significant oscillation compliance (Figures 3, 4C , and S8A). This result suggests that components of the CCAN (excluding CENP-C) assemble in the 34 nm gap between the centroid of CENP-C and the Spc24/ Spc25 end of the Ndc80 complex and they exhibit a stiff linkage to the Ndc80 complex during oscillations. The KMN Network and the Spindle Checkpoint Kinase Bub1 The KNL1/Mis12 complex/Ndc80 complex (KMN) proteins play a central role in kinetochore architecture and in MT binding. As described above, the two ends of the Ndc80 complex are $45 nm apart, and this complex appeared stiff with no oscillation compliance ( Figure 2B ). The four subunits of the Mis12 complex extend from the Spc24/25 end of the Ndc80 complex to about 11 nm inside it, next to the centroid of CENP-T (Figure 3) , and also do not exhibit oscillation compliance. hKnl1 (also known as Blinkin/CASC5/AF15Q14) is a large (2342 aa) protein recruited to kinetochores by the Mis12 complex and is suggested to bind to the hDsn1 subunit of the Mis12 complex at its C-terminal end (Kiyomitsu et al., 2007; . hKnl1 has a predicted coiled-coil domain of 300 amino acids near its C terminus . We measured the position of the central region of hKnl1 using an antibody to aa 1220-1440 and the position of the N terminus using a monoclonal antibody to the first 43 aa ( Figure S6 ). These epitopes were found to be on average 34 nm and 25 nm inside of the Hec1 head (Figure 3 ) and neither exhibited significant oscillation compliance.
hKnl1 is part of the kinetochore-binding site for SAC kinase Bub1 (Kiyomitsu et al., 2007) . A Bub1 antibody raised to a region near its kinetochore-targeting domain ( Figure S6 ) was 26 nm internal to the Hec1 head and just inside of the N-terminal epitope in hKnl1 (Figure 3) . The distance between hDsn1, a likely marker for the C-terminal region of hKnl1 (Kiyomitsu et al., 2007; , and the N terminus of hKnl1 was a constant 21-23 nm across the entire range of K-K distances, indicating lack of oscillation compliance. This result indicates that hKnl1 is stiff like the Ndc80 complex and that its long axis is oriented primarily along the kinetochore inner-outer axis.
Corona Proteins
The Motor CENP-E. CENP-E is a plus-end-directed kinesin motor protein with a very long (225 nm) coiled-coil stalk and a globular tail domain (Kim et al., 2008) . CENP-E has been localized by immunogold EM to the outer plate and fibrous corona (Cooke et al., 1997) and contributes to kMT attachment and kinetochore movements toward the spindle equator (Kapoor et al., 2006; Kim et al., 2008) . The C-terminal kinetochorebinding domain interacts with CENP-F and BubR1 (Chan et al., 1998) , and CENP-E depends on Bub1 for targeting to kinetochores (Johnson et al., 2004; Liu et al., 2006) . We found the centroid of an antibody to aa 1571-1859, about 100 nm from its C-terminal kinetochore-targeting domain ( Figure S6 ), was about 3 nm outside the Hec1 head (Figure 3) . Surprisingly, the centroid of an antibody to aa 663-973, about 50 nm from the motor domain of CENP-E ( Figure S6 ), was only $13 nm outside the Hec1 head. Neither epitope on CENP-E exhibited any oscillation compliance ( Figure S8A; Figure 3 ). This result indicates that the 225 nm long CENP-E molecule is bent with both its tail and motor domains located near or inside the Hec1/Nuf2 heads. The Coiled-Coil Protein CENP-F. CENP-F is a major component of the fibrous corona as determined by immunogold EM (Rattner et al., 1993) . It is large (300 kDa, 3210 aa) and possesses extensive central a-helical coiled-coil domains ( Figure S6 ). CENP-F localizes to kinetochores via its C terminus and requires hKnl1 and Bub1 (Johnson et al., 2004; ). An antibody to the C-terminal 561 aa localized $4 nm outside the Hec1 head, and a different antibody to a region in the middle of the molecule ( Figures S6 and 3) was $48 nm outside the Hec1 head, indicating that CENP-F is primarily oriented perpendicular to the outer plate. The MT Polymerization-Promoting Protein CLASP. CLASP is an MT-binding protein that promotes polymerization and suppresses depolymerization (Maiato et al., 2005) . CLASP is concentrated within the very periphery of the kinetochore during mitosis. We find that the centroid of CLASP is 29 nm outside the Hec1 head in control metaphase cells (Figure 3 ). This position is within the C-terminal half of CENP-F or the loop of CENP-E extending into the corona, but not near the location expected for the plus ends of the majority of kMTs, which is near the inner surface of the kinetochore outer plate Dong et al., 2007) .
Large Changes in Kinetochore Protein Architecture Are Observed following Taxol Treatment
The anticancer agent taxol suppresses polymerization dynamics of MTs. Taxol treatment (10 mM) at metaphase eliminates tension at kinetochores and activates the spindle checkpoint (Waters et al., 1998; Clute and Pines, 1999) . The mean interkinetochore distance in taxol-treated metaphase cells is about 0.75 mm (Figure 4A ), only slightly less than the minimum 0.8 mm value that transiently occurs during oscillations (Figure 2 ). This similarity suggests that Delta measurements in taxol-treated cells should resemble values observed at lowest K-K distance for linkages with oscillation compliance (CENP-A and CENP-C) and similar to average values for stiff noncompliant linkages. Consistent with this, the dimensions of the stiff Ndc80 complex remained constant in taxol (Figures 3 and 4B) . However, somewhat surprisingly, there were several significant changes induced in kinetochore architecture in taxol-treated cells. Centroids of CENP-A, CENP-C, CENP-I, and CENP-T all moved $16 nm closer to the position of the Spc24/25 end of the Ndc80 complex (Figures 3 and 4C ). This movement did not change the relative separation distance between CENP-I and CENP-T centroids. In addition, separation between CENP-I/CENP-C centroids and CENP-I/CENP-A centroids was the same as that observed at minimal centromere stretch (K-K distance) during normal control oscillations. Thus, the entire inner kinetochore is $16 nm closer to the Spc24/25 end of the Ndc80 complex in taxoltreated cells.
The Mis12 complex also exhibited a striking change in taxoltreated cells (Figure 3) . In control cells, the distance along the inner-outer axis from the hNsl1 subunit at the interior end of the Mis12 complex and the hDsn1 subunit at the exterior end was constant during oscillations at $9 nm; in taxol, this length became 19 nm. Two components at one end of this elongated complex, hNnf1 and hNsl1, did not significantly change position relative to Spc24 after taxol treatment; Mis12 showed modest (4 nm) outward movement. In contrast, a striking effect was observed for hDsn1, which shifted $12 nm outward in taxol-treated cells.
hDsn1 likely directly binds to the C-terminal region of hKnl1 (Kiyomitsu et al., 2007; ; consistent with this, hKnl1 also exhibited outward movement similar to hDsn1. The centroid of the Bub1 epitope also moved outward, but less than expected for its putative binding site near the N terminus of hKnl1; this lack of movement may indicate changes in Bub1-binding sites following taxol treatment.
The C-terminal regions of large corona proteins CENP-E and CENP-F also moved $10 nm outward relative to Hec1/Nuf2 heads after taxol treatment (Figure 3) . The most striking change observed was with CENP-E: the epitope close to the motor domain moved from near the Hec1 head (and its own C terminus) in controls to 33 nm beyond the Hec1 head. This result suggests that CENP-E changes from being bent in control metaphase cells to an extended conformation in taxol-treated cells.
A major pattern emerging from comparison of the taxoltreated and control cell Delta measurements suggests relative movement of two protein sets whose constituents behave as though they are coupled-we refer to each of these protein sets as ''arms'' in order to connote a multipart mechanical entity. The Ndc80 arm (whose average Delta values are linked using blue dotted lines between control and taxol treatment in Figure 3) is composed of the Ndc80 complex and hNnf1, hNsl1, and part of Mis12-none of these show significant taxol-specific changes in separation. The hKnl1 arm (whose average Delta values are linked using red dotted lines between control and taxol treatment in Figure 3 ) is composed of CENP-A, CENP-C, CENP-I, CENP-T, hDsn1 and part of the hMis12 subunits, hKnl1, Bub1, CENP-F, and the C-terminal end of CENP-E-all of these move $10-16 nm outward relative to the Hec1 head (for compliant CENP-A and CENP-C linkages, this movement is relative to the Delta value measured at minimal K-K stretch, that is, the lowest tension state in control cells-see the point where lines linking the control and taxol data sets are drawn in Figure 3 ). As distances between the inner kinetochore proteins (e.g., CENP-I/CENP-T) and proteins in the Ndc80 arm decrease in taxol-treated cells, we conclude that the Ndc80 arm moves in toward the centromeric chromatin in taxol-treated cells whereas the hKnl1 arm does not. This shift, which is not observed at minimal K-K distance in control cells, suggests a mechanism in taxol-treated cells leading to uncoupling and separation of these normally coupled protein arms.
In summary, taxol treatment did not recapitulate kinetochore architecture at lowest K-K distance but instead revealed largescale changes in different regions of the kinetochore. These changes may arise from persistent absence of mechanical tension (as opposed to transient absence in oscillating kinetochores), lack of depolymerization, activation of the SAC, or all.
Location of the Plus Ends of Kinetochore MTs Relative to the Ndc80 Complex
To determine the position of bound kMTs, we analyzed metaphase PtK2 cells cooled to 6 C. Under these conditions, only kMTs persist, a full complement of kMTs penetrating the outer plate is present (Rieder, 1981) , and kMT fibers mainly orient perpendicular to kinetochores, which makes them remain in focus several micrometers beyond kinetochores toward their poles ( Figures 5A and 5B) . Such images could not be obtained in metaphase HeLa cells because of the high degree of spindle and kinetochore fiber curvature. In cold-treated PtK2 cells, centromeres were unstretched, with average K-K distance similar to that in nocodazole-thus, the measurements of kMT position only apply to this low-tension state.
Preliminary experiments indicated that antibodies to tubulin do not penetrate kinetochores, as fluorescence ended in front of the Hec1-9G3 label (data not shown). Therefore, we directly imaged fluorescence of GFP-a-tubulin incorporated into kMTs (Rusan et al., 2001 ) and obtained intensity profiles along bundles of green fluorescent kMTs through the centroid of the red Hec1-9G3 label (Figures 5B and 5C ). Different line scans (n = 92) were plotted on the same axes by setting the position of the 9G3 centroid to zero and normalizing intensity values. The position of the 50% intensity point was determined by fitting an error function to the cumulative data ( Figure 5C ). The average position of the kMT end determined with this method was 62.3 ± 15 nm (95% confidence interval) inside of the 9G3 label centroid ( Figure 5C ). The variance is large because fibers oriented at different angles within the field of view had different amounts of lateral chromatic aberration, which was averaged out by an equal number of fibers facing in all directions ( Figure S9 ). These results indicate that, on average at 6 C in PtK2 cells, the plus ends of kMTs extend 10-15 nm inside the Spc24/Spc25 ends of the Ndc80 complexes. In taxol-treated cells, this position would be at the periphery of the inner centromere (Figure 3) .
DISCUSSION
The Chromatin-Proximal Region of the Kinetochore Has Distinct Structural and Mechanical Domains At minimal centromere stretch, separation between centroids of CENP-I/T and CENP-C is $11 nm and between CENP-I/T and CENP-A is $30 nm (Figure 3) . As biochemical studies support close associations between CENP-I/T and CENP-A nucleosomes (Obuse et al., 2004; Foltz et al., 2006; Okada et al., 2006) , these values suggest that only a small fraction of chromatin-bound CENP-A and CENP-C is exposed at the peripheral surface of the centromere on a metaphase chromosome in a position to bind components of the CCAN. The depth of CENP-C and CENP-A chromatin from the base of the kinetochore increases with centromere stretch (from $22 and $60 nm, respectively, at minimal stretch to 46 and 128 nm, respectively, at maximal stretch; Figures 2 and 3) , assuming a uniform distribution of each within chromatin ( Figure S10A) . These values are small compared to the 420 nm diameter of a green fluorescent Airy disk, and would not be resolvable by conventional fluorescence microscopy. However, they are consistent with past reports that CENP-C concentrates near the base of the kinetochore (Saitoh et al., 1992) , whereas CENP-A extends farther inside the centromere (Blower et al., 2002; Amor et al., 2004) , and that only 10% of the CENP-A is sufficient to build a functional kinetochore (Liu et al., 2006) .
In contrast to the compliance of chromatin at the base of the kinetochore containing CENP-A and CENP-C, protein linkages between CENP-I and CENP-T and between these CCAN subunits and the outer kinetochore were stiff in control cells (Figure 3) . Thus, for oscillating metaphase chromosomes, the CCAN is assembled at the very periphery of the CENP-A/Ccontaining centromeric chromatin ( Figure S10A ) and is stiffly linked to the outer kinetochore.
The Ndc80 Complex Is Likely Bent along Its Length and Connected to the Inner Kinetochore by a Flexible Linkage During metaphase in both untreated and taxol-treated human cells, the Delta between markers at the two ends of the 57 nm long Ndc80 complex was a constant 45 nm. A previous study of isolated Drosophila chromosomes used a line scan method and reported $22 nm separation between the ends of the Ndc80 complex (Schittenhelm et al., 2007) . We have measured a Delta of $18 nm between the Spc24 C terminus and 9G3 just inside the Hec1 head in nocodazole-treated HeLa cells (data not shown), whereas this distance from the structure is 54.5 nm. The lower numbers in nocodazole may indicate flexibility in orientation of the Ndc80 complex and bending of the rod domain at a kink site ( Figure 1A ; Ciferri et al., 2008; Wang et al., 2008) in the absence of attached kMTs. However, they may also result from measurement errors induced by severe tilt and/or curvature of the kinetochore face relative to the inner-outer kinetochore axis-such curvature has been observed following extended mitotic arrest in the absence of MTs (DeLuca et al., 2005) .
A 45 nm average Delta value is predicted if the 57 nm long Ndc80 complex extends straight from the surface of the bound kMT at an angle q = $34
, similar to the angle that the rod domain of the Ndc80/Nuf2 dimer exhibits when bound in vitro to purified MTs Wilson-Kubalek et al., 2008) . However, this inclined straight conformation puts the C-terminal ends of Spc24/Spc25 $32 nm radially outside the surface of a kMT. A pulling force, F, at heads bound to the MT lattice generates at the Spc24/Spc25 end both a pulling force, F, along the inner-outer kinetochore axis and a radial inward force (equal to Fsin(q)/cos(q)). For q = 34
, the radial force is $67% of F. If unopposed, the radial force would move Spc24/Spc25 ends up close to the surface of the kMT, resulting in an average Delta value similar to the label separation of 54.5 nm along the length of the Ndc80 complex. However, we did not observe this even under maximal centromere stretch, suggesting that this radial force is opposed by a mechanism anchoring the Spc24/25 end of the Ndc80 complex or that the complex does not adopt a straight conformation. Anchorage by lateral linkages between adjacent kMT attachment sites (a ''load-sharing mechanism'') that are of similar strength to the inner-outer linkages is unlikely because the kinetochore is weak laterally. For example, during merotelic attachments, when a single kinetochore is pulled toward opposite poles by kMTs, lateral stretch of kinetochore proteins and peripheral centromeric chromatin often occurs for >1 mm (Cimini et al., 2001 (Cimini et al., , 2004  Figure S10B ).
An alternative explanation for the 45 nm separation of the labels at the two ends is that the Ndc80 complex is bent ( Figure 6A ). There are a number of reasons to favor this idea. There is a conserved break in the coiled-coil rod domain about 16 nm inside the Nuf2/Hec1 heads ( Figure 1A ; Ciferri et al., 2008) . Recent EM analyses of purified Ndc80 complexes in vitro (Wang et al., 2008) indicate that flexible bending occurs at this site within the rod domain that connects the two globular ends of the Ndc80 complex ( Figure 1A) . The existence of a flexible bend does not, however, explain constancy of Ndc80 complex dimensions across the entire range of centromere stretch and in taxola fixed-angle bend would have to exist even under tension in order to account for this constancy and 45 nm separation of the two end labels. This consideration assumes that the majority of Ndc80 complexes are bound to kMTs, which is compatible with the requirement of this complex for the SAC and inactivation of the SAC at metaphase (Musacchio and Salmon, 2007) .
A proposal we favor to account for the 45 nm distance is that there is a protein complex bound at the bend site that stabilizes the bend and links the Ndc80 complex to the inner kinetochore ( Figure 6A ). Upon binding of the Ndc80 heads to the kMT lattice, the coil-coiled region between the head and the bend/linker attachment site extends and transmits a pulling force in an outer-inner direction to the bend site and along the hypothetical linker protein to the inner kinetochore-in this case, there is no inward radial force, as the direction of force transmission is along the inner-outer axis. In this configuration, the Spc24/Spc25 end of the complex bends outward from the kMT lattice by $20 nm to produce the $45 nm inner-outer separation between the two end labels. This model produces little to no radial force at either end of the molecule, and binding of the linker may force a constant bend angle at the otherwise flexible break in the coiled coil. It is possible that the CENP-H subunit of the CCAN, which is primarily coiled coil and has been shown to interact with the Ndc80 complex (Okada et al., 2006; Hori et al., 2008) , may constitute such a linker. Nevertheless, as discussed below, such a linker must be flexible.
Movement of the Ndc80 Arm Relative to the Inner Kinetochore and the hKnl1 Arm: A Low-Tension/ Checkpoint-Activated Switch We propose that the Ndc80 arm includes a flexible filament-like linkage between the bend in the Ndc80 complex and the inner kinetochore ( Figures 6A and 6C-6F) . Such a linker would explain why the Ndc80 arm is able to move 15 nm toward the inner kinetochore in taxol (the filament buckles either due to persistent low tension and/or due to SAC activation) but remains constant in position relative to the inner kinetochore at high tension (the extended filament is stiff). A flexible linker (not shown for clarity in Figure 6 ) may also exist between hNsl1 of the Mis12 complex and the inner kinetochore, as suggested by recent EM images (McIntosh et al., 2008) . In contrast, the hKnl1 arm connects separately to the inner kinetochore and this connection is stiff and does not change in taxol-treated cells ( Figure 6F ).
Because the four subunits of the Mis12 complex are linked together (Kline et al., 2006) , the best way to merge the control and taxol configurations is to assume that in controls the Mis12 complex extends mostly in a lateral direction (Figures 3  and 6C-6F) . In taxol, when the Ndc80 arm moves relative to the hKnl1 arm, the Mis12 complex rotates such that the hDsn1 subunit makes the largest translation ( Figures 6C and 6F ). Movement of the Ndc80 complex toward the inner centromere can be explained by outward movement of the hKnl1 arm along stable kMTs until further movement is blocked by the kMT end ( Figures  3 and 6F ). This outward movement may be driven by the minus motor activity of cytoplasmic dynein linked to Knl1 by other proteins (Kiyomitsu et al., 2007; Stehman et al., 2007; Vergnolle and Taylor, 2007; .
The low-tension/SAC switch within the kinetochore may be part of the tension-sensing mechanism that controls the stability of kMT attachment and/or SAC signaling at kinetochores-the Ndc80 complex is required for both of these essential functions (Musacchio and Salmon, 2007; Maresca and Salmon, 2009) . Another process the switch may regulate is the conformation of the CENP-E motor-in controls, the 225 nm long CENP-E molecule is bent with markers for its tail and motor domains located near the Hec1 heads, but in taxol the marker proximal to the motor domain of CENP-E moved more than 33 nm beyond the Hec1 heads into the coronal region (Figure 3 ). This dramatic conformational change is likely to involve kinase activity (Espeut et al., 2008; Kim et al., 2008) , which in turn may be modulated by the switch that we describe here.
The Ndc80 Arm Could Contribute in Two Ways to MT Attachment and Pulling Force Generation Multiple Ndc80 arms may contribute to a ''Hill-like'' mechanism, where the dynamic binding of their Hec1 and Nuf2 heads to a kMT helps hold the attachment site near either a growing or shortening plus end (Hill, 1985; Asbury and Davis, 2008 ; Figures  6D and 6E) . In budding yeast, there are eight Ndc80 complexes per kMT (Joglekar et al., 2006) , which supports this possibility-the number and distribution along the inner-outer axis in human cells
are not yet established. The Ndc80 arm within HeLa kinetochores could also act as a force transducer. In budding yeast, recent analysis of kinetochores at metaphase indicates that the Ndc80 complex is extended its full length along the axis of kMTs (Joglekar et al., 2009) . A DAM/DASH ring has received much attention as a force transducer in budding yeast for the rearward peeling of tubulin protofilaments (Efremov et al., 2007; Asbury and Davis, 2008; Tanaka and Desai, 2008) . However, in mammalian kinetochores, no such rings have been identified and in fission yeast, the DAM/DASH proteins are nonessential (McIntosh, 2005; McIntosh et al., 2008) . Within HeLa kinetochores, the bent configuration of the Ndc80 complex and its lateral linkage by an elongated Mis12 complex to the hKnl1 homolog ( Figure 6E ) could act in place of a ring for transmitting pulling forces generated by curling protofilaments to the inner kinetochore ( Figure 6D ).
EXPERIMENTAL PROCEDURES
HeLa cells grown on coverslips were typically fixed with 2%-4% formaldehyde, permeabilized with 0.5% Triton X-100, labeled with primary antibodies to two different kinetochore protein epitopes followed by Alexa 488 and Red-X-labeled secondary antibodies (Jackson Labs, West Grove, PA, USA), then immersed in mounting media (95% glycerol/0.5% n-propyl gallate) and sealed to a slide with nail polish (DeLuca et al., 2006) . The source and application details for 19 different primary antibodies are given in Supplemental Experimental Procedures. PtK2 cells expressing GFP-tubulin were processed the same way except they were labeled with only the 9G3 primary antibody and Red-X secondary antibody. For metaphase cells, 3D stacks of red and green image pairs were obtained sequentially at 200 nm steps along the z axis through the cell using a highresolution spinning disk confocal microscope with image magnification yielding a 65 nm pixel size from the camera (Maddox et al., 2003) .
For sister kinetochores in HeLa cells that were in or near the same focal plane, the centroids and major and minor axes of their red and green images were obtained using custom-written software and standard nonlinear Gaussian curve fitting (lsqcurvefit in MATLAB, The Mathworks, Natick, MA, USA). The basic procedures used for the Delta calculations averaged from sister kinetochore pairs are described in Results, and further details, including the method used for correcting the effects of tilt, are explained in Supplemental Experimental Procedures. As a test of our Delta assay, we measured the separation distances between red and green centroids of individual kinetochores using the SHREC method developed by Churchman and coworkers (Churchman et al., 2005) as described in Supplemental Experimental Procedures and Figure S5 .
To measure the position of kMT ends relative to Hec1-9G3, PtK2 cells expressing GFP-a-tubulin were placed at 6 C for 4-6 hr to stabilize kMT fibers and depolymerize all non-kMTs (Rieder, 1981) . For green kinetochore fibers in the plane of focus, line scans were made down the axis of the fiber through the apparent center of the Hec1-9G3 red fluorescence. The centroid of the 9G3 fluorescence was accurately determined by the Gaussian fitting method, and its position along the line scan was set to zero nm. The amplitudes of line scans were normalized on a scale from 0 to 1 so that they could be plotted on the same graph. The average position of the ends of the kMTs relative to the 9G3 origin along the x axis was obtained by the best fit to the normalized line scans of the equation y = (1 À erf((x À a)/b))/2, where ''erf'' is the error function and the coefficient ''a'' is the mean distance where y = 0.5. See Results and Supplemental Experimental Procedures for more details.
SUPPLEMENTAL DATA
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